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ABSTRACT: Biased ligands that selectively confer activity in one
pathway over another are pharmacologically important because
biased signaling may reduce on-target side effects and improve
drug efficacy. Here, we describe an N-terminal modification in the
incretin hormone glucagon-like peptide (GLP-1) that alters the
signaling capabilities of the GLP-1 receptor (GLP-1R) by making
it G protein biased over internalization but was originally designed
to confer DPP-4 resistance and thereby prolong the half-life of
GLP-1. Despite similar binding affinity, cAMP production, and
calcium mobilization, substitution of a single amino acid (Ala8 to
Val8) in the N-terminus of GLP-1(7—36)NH, (GLP-1 Val8)
severely impaired its ability to internalize GLP-1R compared to

Effects of an altered GLP-1(7-36)NH, N-terminus
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endogenous GLP-1. In-depth binding kinetics analyses revealed

shorter residence time for GLP-1 Val8 as well as a slower observed association rate. Molecular dynamics (MD) displayed weaker and
less interactions of GLP-1 Val8 with GLP-1R, as well as distinct conformational changes in the receptor compared to GLP-1. In vitro
validation of the MD, by receptor alanine substitutions, confirmed stronger impairments of GLP-1 Val8-mediated signaling
compared to GLP-1. In a perfused rat pancreas, acute stimulation with GLP-1 Val8 resulted in a lower insulin and somatostatin
secretion compared to GLP-1. Our study illustrates that profound differences in molecular pharmacological properties, which are
essential for the therapeutic targeting of the GLP-1 system, can be induced by subtle changes in the N-terminus of GLP-1. This
information could facilitate the development of optimized GLP-1R agonists.
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B INTRODUCTION

G protein-coupled receptors (GPCRs), the largest class of cell
surface receptors targeted by marketed drugs, are important
mediators of many physiological processes.' As mediators of
the incretin effect (a larger insulin release after oral glucose
administration compared to intravenous dosing resulting in
similar glucose levels),” members of the secretin receptor
family of GPCRs (class B1), such as the glucagon-like peptide-
1 (GLP-1) receptor (GLP-1R) and glucose-dependent
insulinotropic polypeptide (GIP) receptor (GIPR), are
particularly interesting due to their roles in the hormonal
imbalance identified in obesity and type 2 diabetes mellitus
(T2DM).** In addition to stimulating insulin secretion from
pancreatic f-cells, GLP-1 also suppresses glucagon secretion
from pancreatic a-cells, whereas GIP enhances glucagon
release.’ Currently, it is debated whether the GLP-1R-
mediated insulin secretion is predominantly regulated through
G protein activation and cAMP production® (by Ga,
coupling), or whether the recruitment of p-arrestins (as
described by Sonoda et al.%), the downstream signaling hereof,
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and/or receptor trafficking also play a role.”® The role of
arrestins in internalization of GLP-1R is not as clearly
established as for GIPR, where they are essential for

In fact, it has been shown that GLP-1R
6,10

internalization.”
internalizes independently of arrestins,
arrestin binding for these receptors does not necessary lead

meaning that

to internalization. This suggests a different role of arrestins in
downstream signaling and receptor trafficking of GLP-1R
compared to GIPR.

Functional selectivity, alternatively framed as biased
agonism, is a process in which a ligand selectively confers
activity in one pathway over another relative to a reference
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Figure 1. GLP-1 Val8 is a functionally selective ligand for GLP-1R. (a) Sequence comparison of GLP-1 Val8 with GLP-1. (b) BRET cAMP
production at 30 min in HEK 293 cells expressing human GLP-1R (n = 18). (c) FRET calcium mobilization at peak response in HEK 293 cells
stably expressing human GLP-1R (n = 4). (d) BRET f-arrestin 2 recruitment at 30 min in HEK 293 cells expressing human GLP-1R (n = 18). (e)
TR-FRET internalization (n = 6) at 30 min in HEK 293 cells expressing SNAP-tagged human GLP-1R. (f) Area under the curve (AUC) of dose—
response data from cAMP production, calcium mobilization, f-arrestin 2 recruitment, and internalization. (g) Differences in potencies between
cAMP production, calcium mobilization, f-arrestin 2 recruitment, and receptor internalization for GLP-1 and GLP-1 Val8. (h) Web of functional
selectivity (10™°8%) obtained for GLP-1 Val8 (normalized to GLP-1) between cAMP production, calcium mobilization, S-arrestin 2 recruitment,
and internalization (errors were propagated during the analysis). Data represent the mean # s.e.m. of n independent experiments performed in
duplicate for cAMP production, calcium mobilization, and S-arrestin 2 recruitment and in duplicate and triplicate for internalization. Statistical
significance was assessed using an ordinary ANOVA for pECs, and a (repeated measures) two-way ANOVA for AUC and the web of functional
selectivity (**P < 0.01; **##P < 0.0001; between GLP-1 and GLP-1 Val8 in a functional outcome).

ligand: for instance, G protein activation over the recruitment
of f-arrestin (and their downstream-mediated effects). The
therapeutic benefit of developing biased ligands is a potential
reduction of side effects by selectively targeting the pathway
relevant for the therapeutic outcome. This has been shown for
the class A p-opioid receptor, where G protein-biased agonists
showed stronger analgesic effects compared to unselective
ligands.n’12 Recently, several GLP-1R agonists have been
investigated, and in a few cases, these ligands were biased with
preferred activation of G proteins over p-arrestin and/or
receptor internalization relative to GLP-1 or exendin-4.”"*~"*
Intriguingly, in most cases, these biased ligands had improved
insulinotrogpic effects with better glucose tolerance in
vivo,”'#'“'® highlighting biased agonism may be essential for
the therapeutic targeting of the GLP-1 system.

An important strategy to evaluate the efficacy of a ligand is
the analysis of ligand—receptor binding kinetics, where the
focus lies on measuring the on- (k,,), offrate (k.), and
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residence time (RT; reciprocal of k.) of a certain ligand.
Ligand binding kinetics has facilitated the translation of results
from in vitro to in vivo, because these parameters are better
predictors for in vivo efficacy and the onset of action than the
classical parameters, such as afﬁnity.lg Moreover, ligand
binding kinetics differentially affects signaling capabilities and
therefore also has implications in functional selectivity."

At present, the “two-stage binding process” of peptide
ligands to class B1 GPCRs is still the overall leading
paradigm.”’ This model postulates that the peptide’s C-
terminal part interacts with the extracellular domain (ECD) of
the receptor, which, in turn, allows the N-terminal part of the
peptide to dock deep into the transmembrane domain (TMD)
of the receptor. As a result of this, several conformational
changes occur within the receptor leading to its activation.
Given the central role of the N-terminus for receptor
activation,”' ~** we investigated the impact of a single amino
acid substitution in the second amino acid position of the N-
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Table 1. GLP-1R Pharmacology”

cAMP production (n = 18) calcium mobilization (n = 4) P-arrestin 2 recruitment (n = 18) internalization (n = 6)
ligand PECso Epnax (%) PECso Epnax (%) PECso Epax (%) PECso Epax (%)
GLP-1 10.8 = 0.1 100 + 0.0 7.7 + 0.04 100 + 0.0 7.8 £ 0.1 100 + 0.0 74 + 0.1 100 + 0.0
GLP-1 Val8 10.5 + 0.1 100 + 0.9 7.4 £ 0.05 103 + 6.6 74 +£0.1 7S & 34FFEE 6.5 + 0.1%%%* 94 + 3.5

“All data were fitted with the three-parameter logistic curve to obtain pECg, and E,,. pECg, represents the negative logarithm of agonist
concentration in molar that produces half the maximal response. E,,,, is characterized as the maximal response normalized to the GLP-1 response.
Data represent the mean + s.e.m. of n independent experiments performed in duplicate for cAMP production, f-arrestin 2 recruitment, calcium
mobilization, and duplicate and triplicate for internalization. Statistical significance was assessed using an unpaired two-tailed ¢-test for pECsy and a
two-tailed paired t-test for E,,, on non-normalized data (***P < 0.001; ****P < 0.0001; as compared to the GLP-1 response).

Table 2. Quantification of Biased Agonism (AAlog(7/K,)) on GLP-1R”

cAMP: cAMP:calcium calcium mobilization: calcium [-arrestin
ligand P-arrestin 2 mobilization cAMP:internalization P-arrestin 2 mobilization:internalization 2:internalization
GLP-1 0.00 + 0.03 0.00 + 0.0 0.00 + 0.0 0.00 + 0.06 0.00 + 0.07 0.00 + 0.0S
GLP-1 Val8 0.10 + 0.0 —0.14 + 0.0S 0.65 =+ 0.04%*** 0.24 + 0.07 0.79 + 0.06%*%* 0.55 + 0.06%#%*

“AAlog(t/K,) values determined for GLP-1 and GLP-1 Val8 across different functional outcomes. Data represent the mean + s.e.m. of 18
independent experiments performed in duplicate for cAMP production and f-arrestin 2 recruitment, 4 independent experiments in duplicate for
calcium mobilization, and 6 independent experiments performed in duplicate and triplicate for internalization. Statistical significance was assessed

using a repeated measures two-way ANOVA (****P < 0.0001; between GLP-1 and GLP-1 Val8).

terminus (Ala8 to Val8) of GLP-1(7—36)NH, on ligand 1 (Figure 1b, 1c and Table 1). The p-arrestin 2 recruitment
binding, receptor signaling, and internalization in vitro. This was, however, impaired for GLP-1 Val8 with an E,_,, of 75%
substitution was originally introduced as a therapeutic lead relative of GLP-1 but with similar potency (Figure 1d and
strategy to render GLP-1 resistant to cleavage by the enzyme Table 1).
DPP-4""% and thereby to prolong its otherwise very short Since an increased receptor endocytosis has previously been
half-life (2—3 min) resulting from its cleavage into inactive shown to negatively affect GLP-1 stimulated insulin secretion
GLP-1(9—36)NH,.>”*° Furthermore, we exploited an in silico in vivo,”'* we focused on receptor internalization using a time-
model to explore the docking and receptor activation dynamics resolved (TR) FRET assay based on incorporating an N-
of GLP-1 versus GLP-1 Val8 in GLP-1R and supported these terminal SNAP-tag on GLP-1R with a cell impermeable long
data with an extensive mutagenesis analysis of both ligand— lifetime donor fluorophore and an extracellular acceptor
receptor and intramolecular receptor interactions. As last, we fluorophore.””** Intriguingly, the GLP-IR internalization
investigated how this N-terminal modification affected the capacity was significantly impaired upon GLP-1 Val8 binding
hormone release from the pancreas ex vivo. Our data with a 9.5-fold lower potency relative to GLP-1 (Figure le,
demonstrate that profound changes in molecular events, Figure S-2, and Table 1).
following interaction of an N-terminally modified GLP-1 To further quantify the differences between the two ligands,
with the receptor, lead to biased agonism and distinct we compared the area under the curve (AUC) of the dose—
integrated action on hormone release. response data for the four pathways (Figure 1f). In brief, the
AUC consists of the integrated response of the ECs, E,,, and
B RESULTS hillslope of the sigmoidal curves. Here, we observed that the f-

. ) . arrestin 2 recruitment capacity was lower after stimulation with
An N-Terminal Modification of GLP-1 Alters Its GLP-1 Val8, consistent with the lower E,,,, and that a larger

Signaling Profile. Human GLP-1(7-36)NH, was modified loss was observed for the receptor internalization capacity by
at position eight by a substitution of alanine to valine (GLP-1 GLP-1 Val8, thereby largely mimicking the changes in potency
Val8), which confers resistance to DPP-4 degradation (Figure (Figure 1g). This is in agreement with findings that ligands for
13)-26_28 We used circular dichroism to determine whether class B1 receptors, including GIPR and GLP-1R, possess an
GLP-1 Val8 had maintained identical a-helical properties in inherent higher Potency for cAMP over arrestin recruitment

solution as GLP-1 (Figure S-1). Here, a nearly identical and internalization.>*—3°
behavior and thus secondary structure was observed for GLP-1 To rule out the involvement of system bias (cellular
and GLP-1 Val8, which was expected, since the mutation of background) and observational bias (assay conditions), we
alanine to valine is a minor and conservative modification. quantified the functional selectivity by fitting the data to the
To address the function of GLP-1 Val8 in vitro, we used operational model of agonism (Table 2).”” In short, the
bioluminescence resonance energy transfer (BRET) in cells transduction coefficient (7/K,) for each ligand at each
expressing human GLP-1R and 1) the CAMYEL sensor, to functional assay (cAMP production, calcium mobilization, /-
determine cAMP production (Figure 1b), or 2) the mem- arrestin 2 recruitment, and internalization) was compared
citrine-SH3 and Rluc8-Arrestin3-SP1 sensors, to study j- across the three functional outcomes and normalized using
arrestin 2 membrane recruitment (Figure 1d). Furthermore, GLP-1 Alog(7/K,). This value was then compared across the
we used fluorescence resonance energy transfer (FRET) to three different assays to obtain a AAlog(z/K,) (LogBias), and
determine the calcium mobilization capabilities, which is Ga; the corresponding bias values (10™%"*) were graphically
and Ga, dependent (Figure 1c).”" For the cAMP production displayed in a web (Figure 1h and Table 2). Here, a bias value
and calcium mobilization, we observed a similar maximal signal higher than one for GLP-1 Val8 indicates functional selectivity
(Epmax) and potency (pECs,) of GLP-1 Val8 compared to GLP- toward a certain pathway relative to GLP-1, whereas a value
298 https://dx.doi.org/10.1021/acsptsci.0c00193
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Figure 2. Kinetic characterization of GLP-1 Val8 shows distinct binding properties. (a) Homologous competition binding with 12.73 + 3.35 pM
[**I]GLP-1 and unlabeled GLP-1 (blue) (n = 4) and 15.56 + 1.46 pM ['*I]JGLP-1 Val8 and unlabeled GLP-1 Val8 (n = 3) in COS-7 cells
expressing human GLP-1R. (b) Heterologous competition binding with 12.73 + 3.35 pM ['*I]GLP-1 and unlabeled GLP-1 Val8 (green; n = 3)
and 15.56 + 1.46 pM ['**I]GLP-1 Val8 with unlabeled GLP-1 (blue; n = 3) in COS-7 cells expressing human GLP-1R. (c) Comparison between
homologous and heterologous binding affinity. (d and e) Association (1 = 3—4) and (f and g) dissociation (1 = 3) of 58.40 + 3.66 pM ['**T]GLP-
1 and 200.16 =+ 9.86 pM ['*T]JGLP-1 Val8 on/from human GLP-1R expressing COS-7 membranes at 30 °C. The dissociation was initiated by the
addition of 1 #M unlabeled GLP-1 or GLP-1 Val8. (h) Comparison of binding kinetic parameters between GLP-1 and GLP-1 Val8 obtained from
association and dissociation assays. (i) Comparison of B, between homologous competition binding (4 °C) and ligand—receptor binding kinetics
(30 °C). Data represent the mean + s.e.m. of n independent experiments performed in duplicate (homologous and heterologous binding) or
triplicate in the case of association and dissociation. Statistical significance was assessed using an unpaired two-tailed t-test (*P < 0.0S; **P < 0.01;
*¥¥%P < 0,0001; between GLP-1 and GLP-1 Val8).

lower than one specifies less bias for that pathway compared to GLP-1 Val8 Binds Differently to the Human GLP-1R.
GLP-1. This method confirmed that GLP-1 Val8 significantly To investigate how the altered activation profile of GLP-1 Val8
favored cAMP production, calcium mobilization, and the was associated with the binding to GLP-1R, we performed

competition binding, association, and dissociation experiments
using ['I]GLP-1 Val8 and ['*I]GLP-1 as radioligands
(Figure 2). First, we determined the binding affinity (Kp)
during a homologous competition binding experiment where
both radiolabeled and unlabeled ligands were the same (Figure

recruitment of f-arrestin 2 over internalization more than
GLP-1. On the other hand, GLP-1 Val8 was not biased for
cAMP production and calcium mobilization over fB-arrestin 2
as well as cAMP production over calcium mobilization.

Overall, these findings show that even a small change in the 2a and Table 3). Here, we obtained similar K, values for GLP-
N-terminus of GLP-1 can dramatically affect its pharmaco- 1 Val8 and GLP-1, emphasizing that the N-terminal
logical properties, as seen for GLP-1 Val8 by turning it into a modification does not impair the overall binding to human
biased agonist with preferred activation of G proteins over GLP-1R. In accordance with previous data,*® we noticed that
receptor internalization. the Kp, for both ligands was much lower (310-fold GLP-1; 177-
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Table 3. Binding Kinetics of GLP-1 and GLP-1 Val8 at GLP-1R"

kg (n = 3)
affinity pKp affinity pK; B, (homologous) B, (kinetics)
(n=3-4) (n=23) kops (n = 3—4) % fast (n = 3—4) (fmol/ (n = 3—4) (CPM/
ligand (homologous)  (heterologous) (min™t) fast (min~!) phase slow (min!) 10.000 cells) pM)
GLP-1 83+ 0.1 8.6 + 02 0.054 + 0.007 0.014 + 0.001 53+3 0.0023 + 0.0003 53 +£20 11.3 + 1.30
GLP-1 Val8 82 + 0.1 8.0 + 0.1°% 0.029 + 0.005%* 0.052 + 0.008%*%* 49 £ 5 0.0026 + 0.0010 20 + 8 0.762 + 0.08%*:%**

“All data were fitted with the three-parameter logistic curve to obtain pICs and B,,,. pICs, represents the negative logarithm of the half maximal
inhibitory concentration in molar. The association data were analyzed through a one-phase association model, whereas the dissociation data were
best fitted with a two-phase decay model. B, values are calculated using the homologous competition binding results with different concentrations
of ['I]GLP-1 (Val8). Kinetic B, was calculated by taking the saturation point in CPM (plateau) of the association curve and the CPM value at
zero minutes from the dissociation curve. Statistical significance was assessed using an unpaired two-tailed t-test (*P < 0.05; **P < 0.01; ***#P <
0.0001; as compared to the GLP-1 response). bRadioligand ['*T]GLP-1 Val8. “Radioligand ['**I]GLP-1. Data represent the mean + s.e.m. of n
independent experiments performed in triplicate or duplicate (homologous and heterologous binding).

GLP-1R - GLP-1 b
GLP-1R — GLP-1 Val8

Extracellular view

Figure 3. Conformational differences of GLP-1R between GLP-1 and GLP-1 Val8. A summary of the most prominent conformational differences
that were observed in the (a) ECD and (b and c) TMD of GLP-1R in complex with GLP-1 and GLP-1 Val8. In b and c, the ECD is removed from
the snapshots. A shift of any of the helices is represented by a red arrow, above which the average shifting distance is shown. The change in
movement between the ECD, the ligand, and the folding of the top part of TM3 in GLP-1 compared to GLP-1 Val8 is only represented by a red
arrow. Alignment was performed at the stable state of the MD (residues 136 to 404).

fold GLP-1 Val8) than the potency observed in cAMP with ['*I]GLP-1 Val8, obtained a higher affinity (1.9-fold
production (Figure 1f, Tables 1 and 3), which suggests the decreased K; compared to its Kp,), whereas a decreased affinity
presence of receptor reserve. To determine the probe (1.7-fold higher K; compared to its Kj,) was observed for GLP-

dependency, we performed heterologous binding, where i » s )
[5]JGLP-1 competed with GLP-1 Val8 and [1*[]GLP-1 1 Val8 in competition with ['*I]GLP-1 (Figure 2b, 2c and

Val8 with GLP-1. In contrast to the similar K, values obtained Table 3). These results imply that the two ligands do not share
in the homologous binding (Figure 2a), GLP-1, in competition the exact same binding mode.
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Figure 4. Overview of the most frequent hydrogen bonds between the GLP-1R and its ligand. Heat maps of the direct hydrogen bond interactions
between the GLP-1R and (a) GLP-1 or (b) GLP-1 Val8 observed in the molecular dynamics simulations. Only contact having an occupancy of
20% or higher are presented. To give an indication where these residues are located inside GLP-1 (c), GLP-1 Val8 (d), and the receptor-complex
(e; GLP-1R—GLP-1 and f; GLP-1R—GLP-1 Val8), we highlighted these residues with a similar color in the structure. In case multiple interactions
between receptor and ligand occur, only the highest occupancy is shown as color. The snapshots were taken from the side in the upper part of GLP-
IR where the peptide binding pocket is located. (g) Hydrogen bond interactions (in red) between GLP-IR R190*®° and E9 of GLP-1 (left) and
GLP-1R Y241** and H7 of GLP-1 (right). GLP-1R—GLP-1 is in blue; GLP-1R—GLP-1 Val8 is in green.

The profile of the binding kinetics confirmed this difference. and 120 (GLP-1 Val8) min with significantly slower observed
For both radioligands, the association curves (Figure 2d and on-rate (k) for GLP-1 Val8 compared to GLP-1 (1.9-fold;
2e) were best fitted with a one-phase association model, and Figure 2h). The dissociation curves, after addition of excess (1

equilibrium was approached after approximately 100 (GLP-1) #M) GLP-1 or GLP-1 Val8 (Figure 2f and 2g), were best fitted
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Figure S. In vitro validation of receptor residues suggests preferred Ga, activation of GLP-1R by GLP1. (a) pECs, of GLP-1 and GLP-1 Val8 on
mutated GLP-1R. (b) E,,,, of GLP-1 and GLP-1 Val8 on mutated GLP-1R. (c) Scatterplot of GLP-1 versus GLP-1 Val8, using the area under the
curve (AUC) of the dose—response data on cAMP production. The correlation was obtained by calculating the ratio of AUC between GLP-1 Val8
and GLP-1 in cAMP production (y = 0.90x). Data represent the mean =+ s.e.m. of 18 independent experiments performed in duplicate on WT and
3—4 on the mutants. The average data for analysis were taken in the case of R310A>.

with a two-phase decay, with the initial fast dissociation rate
(Koft (rast)) of GLP-1 Val8 being significantly faster than for
GLP-1 (3.7-fold) (Figure 2h), whereas the kg (ow) values were
comparable for GLP-1 and GLP-1 Val8. Interestingly, no
complete dissociation was observed. Instead, an equilibrium
was reached at around 31% for ['**I]GLP-1, in agreement with
previous studies,””” and 43% for ['*I]JGLP-1 Val8. Finally, a
markedly higher maximal binding (B,,.; up to 14.8-fold) was
observed for ['**I]GLP-1 versus ['*I]GLP-1 Val8 in both the
competition binding and the kinetic profiling (Figure 2i and
Table 3). Taken together, these data suggest that the N-
terminal variation in GLP-1 Val8 results in an altered receptor
binding compared to GLP-1.

Binding of GLP-1 Val8 Results in Distinct Conforma-
tional Changes of GLP-1R. Having established that GLP-1
Val8 had an altered binding and distinct activation profile, we
moved on to determine the conformational changes of the
receptor upon ligand binding in silico. Here, GLP-1 Val8 and
GLP-1 were simulated in complex with GLP-1R using the
cryogenic electron microscope (cryo-EM) structure of an
active GLP-1R conformation originally elucidated in complex
with GLP-1 (Protein Data Bank (PDB) accession number:
SVAI).”" The stability of the simulation was assessed by the
development of the RMSD (root-mean-square deviation) over
time (Figure S-3a). Both systems reached a stable state after ca.
150 ns, with an RMSD of 3.5 + 0.05 and 3.7 + 0.09 A for
GLP-1 and GLP-1 Val8, respectively. The RMSF (root-mean-
square fluctuation) of the two systems showed higher flexibility
in the loop regions (Figure S-3b). The GLP-1R—GLP-1 Val8
complex displayed a generally higher motility with RMSF
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differences observed in extracellular loop (ECL) 1, ECL2,
intracellular loop (ICL) 3, and ECL3 of GLP-1R (Figure S-
3c). Of these regions, ICL3 participates in G protein binding
upon activation, which was not simulated in this study.”'
Therefore, it could be that the higher motility in this region
was an artifact of lacking a G protein. The ECLs, however, are
in closer proximity to GLP-1 Val8, and changes in this area are
likely resulting from the inserted valine.

A substantial difference between the two simulations was the
orientation of the extracellular domain (ECD) and the C-
terminal part of the ligands (Figure 3a). While GLP-1 was
oriented toward ECL1, GLP-1 Val8 resided in closer proximity
to TMI1 and was straighter. This is, however, not an
uncommon observation; several studies described that class
B1 structures contain very dynamic ECDs when bound to their
ligand.ﬂ'o_42 The main conformational differences in the
transmembrane domain were found in TM2, -5, -6, and -7,
which moved 6, 2.5, 2, and 5 A outward, respectively, in the
model with GLP-1 Val8 (Figure 3b and 3c). For TM2 and
TMS, these changes took place in the upper half and were
most likely induced by the bulkier side chain in valine.
Furthermore, ECL1 and ECL3 were more flexible, and the
upper part of TM3 was less helical for GLP-1 Val8 binding
compared to GLP-1. Overall, the GLP-1 Val8 bound GLP-1R
model suggests higher flexible regions and thus less intra-
molecular interactions, as well as distinct conformational
changes compared to GLP-1, with the loop regions (ECL1, -2,
-3 and ICL3) and the connecting TM domains of the receptor
being most prominent.
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Figure 6. Lower insulin and somatostatin secretion by GLP-1 Val8 in a perfused rat pancreas. (a) DiscoverX HitHunter based cAMP accumulation
(n=3) in COS-7 cells expressing rat GLP-1R. (b) BRET based f-arrestin 2 recruitment at 30 min in HEK 293 cells expressing rat GLP-1R (n = 3).
(c) Rat pancreas perfusion (1 = 6) measuring insulin (left), glucagon (middle), and somatostatin (right) secretion after stimulation with 0.1 and 1
nM GLP-1 or GLP-1 Val8. Ten mM arginine was used as a positive control. Data represent the mean + s.e.m. of n independent experiments
performed in duplicate for cAMP accumulation or six male Wistar rats in the case of the perfused rat pancreas. Statistical significance was assessed
using a paired t-test (*P < 0.0S; ***P < 0.001; between GLP-1 and GLP-1 Val8 stimulated perfusion of the pancreas).

Different Hydrogen Bonding Pattern in GLP-1R
Complexes with GLP-1 or GLP-1 Val8. In order to visualize
the differential interaction patterns of the two ligands with the
receptor, as a result of the conformational changes observed
above, we created heat maps of hydrogen bonds (occupancy
>20%) between the receptor and either GLP-1 or GLP-1 Val8
(Figure 4a and 4b). Many identical interaction pairs were
observed for the two ligands with GLP-1R, including receptor
residues S315CP, E68ECP, R1215CP, E128FCP, E364%% and
R376°°"* (Wootten numbering system in superscript*).

In the ligand’s N-terminus, however, receptor residue
E364%% selectively interacted with H7 in GLP-1 Val8 (Figure
4a—f). Moreover, R190*® and Y2413* selectively interacted
with GLP-1. Visual inspection showed that the difference in
R190*® was caused by the outward movement of TM2,
increasing the side chain’s distance to the peptide (Figure 4g
left), whereas Y241** resided in almost identical positions in
both simulations (Figure 4g right).

In the C-terminal half of the ligands, we observed that
hydrogen bonds between W31 in the ligand and the main
chain of A2095™ and the side chain of Q210! in GLP-1R
were only present with GLP-1; similarly, in the middle of the
ligand, hydrogen bonds with the main chain of L325P in GLP-
1R were only observed with GLP-1 (Figure 4a—f). Only one
receptor residue, E138'33 in TM1, was selectively interacting
with Q23 and K26 in GLP-1 Val8. These different interaction
networks were a result of the previously mentioned conforma-
tional differences in the ECD, combined with the bending of
the ligands in different directions, which allowed them to
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interact with different parts of the receptor (Figure 3a).
Altogether, these results suggest that the N-terminal variant of
GLP-1, GLP-1 Val8, possesses less and weaker ligand—
receptor interactions with GLP-1R than GLP-1.

In Vitro Probing of GLP-1R Residues Confirms
Different Ligand Dependency. The molecular dynamics
(MD) simulations served as a guiding tool to illustrate whether
GLP-1 Val8-mediated signaling is more susceptible for
impairment compared to GLP-1, which may be associated
with different binding characteristics of GLP-1 Val8 in vitro
and weaker and less interactions in silico. We introduced
alanine substitutions at 27 receptor sites involved in ligand—
receptor interactions and/or intramolecular receptor inter-
actions. Figure S-4 provides an overview of the selected
residues. All mutations were probed for cAMP production in
response to both ligands (Figure Sa and Sb and Figure S-S).

The majority of mutations displayed similar activity (at 10
nM) as wild-type (WT) GLP-1R for both ligands, albeit with
different potencies, which agreed with our predictions from the
MD simulations. Mutations revealing a pECs, below 9.5 were
located in TM2 (R176>*°A, N182%>>2A, and R190*%°A), TM3
(R2273%°A (only for GLP-1 Val8) and W2433%A), ECL2
(R2995°"2A), and TMS (R310%*°A) (Figure Sa). We observed
<80% activation for N182*52A, R190*®A (for GLP-1 Val8),
W24334A, R310%%°A, and E364%A (Figure 5b). The
majority of these residues was important for intramolecular
interactions in GLP-1R, whereas some were involved in both
types of interactions (ligand-, and/or intramolecular receptor
interactions), such as R190*%°, R2995¢12, and R310%4 (Figure
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GLP-1R — GLP-1

GLP-1R — GLP-1 Val8
GLP-1R = LY3502970 (6XOX)

GLP-1R — ExP5 (6B3J)

GLP-1R — TT-OAD2 (60RV)
GLP-1R — CHU-128 (6X19)

Figure 7. Comparison of GLP-1 (Val8)—GLP-1R with (non)peptide agonist-bound GLP-1R structures. (a) Overlay of structures of agonist-bound
GLP-1R: (blue) GLP-1 MD simulation; (green) GLP-1 Val8 MD simulation; (red) ExPS peptide cryo-EM structure; (yellow) small molecule TT-
OAD?2 cryo-EM structure. (b) Alignment of (blue) GLP-1 MD simulation; (green) GLP-1 Val8 MD simulation; (gray) small molecule LY3502970
cryo-EM structure; (pink) small molecule CHU-128 cryo-EM structure. These GLP-1R overlays reveal a highly movable TM1 and TM?7, as well as
a more flexible ECL3. Movements are shown with arrows relative to GLP-1. The alignment of the structures was performed on the intracellular part
of the receptor (residues 156:165 + 177:187 + 242:253 + 263:274 + 321:330 + 348:358 + 390:401) at the stable state of the MD simulation. The

ECD was removed when the snapshots were taken.

4a and 4b). Other residues were only important for ligand—
receptor interactions, such as E364°%. The hydrogen bond
occupancy for R2995'* and R310°*° between GLP-1 Val8 and
GLP-1R was 18% and 14%, respectively, and therefore was not
shown in Figure 4b. Strikingly, even though our in silico
analysis predicted interaction of GLP-1 (and not GLP-1 Val8)
with R190*®, the impact of Ala-substitution at this position
was larger for GLP-1 Val8. For the three mutations H180>*°A,
W274*°A, and Y40277A, which were selected based on
intramolecular receptor interactions in the MD simulation, no
cAMP production was observed. This is in agreement with
previous findings that also showed a loss in signaling, which
was associated with a loss of membrane expression of these
mutations.*’

To explain the differential impact of each mutation on GLP-
1- and GLP-1 Val8-mediated Ga activation, a scatterplot was
drawn using the AUC of the dose—response data (Figure Sc).
Depicted this way, a mutation located under the line (defined
by WT GLP-1R) has a higher impact on GLP-1 Val8
compared to GLP-1. Around 33% had a generally greater
effect on GLP-1 Val8 (compared to GLP-1) as illustrated by
most mutations being located under this line. These
substitutions involved both ligand—receptor interactions and
intramolecular interactions. Moreover, none of the receptor
substitutions preferred activation by GLP-1 Val8 over GLP-1.
The rest (67%) was WT-like or impaired similarly for both
ligands. These findings confirm that the weaker and less
interactions observed in GLP-1R with GLP-1 Val8 in silico may
contribute to a greater impact on GLP-1 Val8-mediated
signaling than on GLP-1.

Impaired Hormone Release for GLP-1 Val8 Compared
to GLP-1. As last, we determined whether the Val8
introduction affected the acute release of insulin, glucagon,
and somatostatin, using a rat pancreas perfusion model. First,
we examined the cAMP accumulation and f-arrestin 2
recruitment in vitro on cells expressing rat GLP-1R to ensure
proper translation from rat to human. Consistent with the data
on human GLP-1R, GLP-1 and GLP-1 Val8 acted equipotently
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and with similar E_,, and showed lower E _, in arrestin
recruitment on rat GLP-1R (Figure 6a and 6b and Table S-1).
We then investigated the hormone release in the rat pancreas
perfusion model by adding GLP-1 and GLP-1 Val8 to the
arterial perfusate for 5—10 min and observed a significantly
lower insulin and somatostatin secretion for 1 nM GLP-1 Val8
compared with 1 nM GLP-1, whereas no significant difference
was observed for glucagon release (Figure 6c). Taken together,
these data suggest that the N-terminus of GLP-1 is important
not only for the activation of different signaling pathways but
also for the integrated action on hormone release.

B DISCUSSION

With 1.6 million deaths a year, diabetes is the seventh most
common cause of death worldwide.*" Insufficient insulin
secretion together with insulin resistance and hyperglucago-
nemia lead to hyperglycemia; the hallmark in the pathogenesis
of T2DM. As an insulinotropic and glucagonostatic hormone,
GLP-1 has shown its therapeutic potential for the treatment of
T2DM.>* Moreover, it has been ascribed cardiovascular- and
neuroprotection, satiety, and appetite control, ™% adding up
to its huge therapeutic potential in the treatment of T2DM and
lately also obesity.”* Hence, several GLP-1 analogs have
reached the marked,” and recent studies have pointed toward
biased signaling, with preferred G protein activation over
arrestin recruitment and/or internalization, as playing a role for
superior therapeutic outcome.”'*'> Here, we show that a
single amino acid substitution in position 8 (Ala to Val) in
GLP-1(7-36)NH, led to a significantly lower receptor
internalization, impaired E,, in f-arrestin 2 recruitment, but
similar cAMP production and calcium mobilization, hence,
making GLP-1 Val8 a G protein biased agonist for GLP-1R.
The binding kinetic profile was substantially altered with a
slower on-rate and a faster off-rate, leading to decreased RT
and a very low B,,,, despite similar affinity (Kp) for GLP-1
Val8 compared to GLP-1.

In the closely related “sister incretin” GIP, a naturally
occurring variant of the GIP receptor, E354%%3Q, was recently
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described to be associated with a longer RT of the endogenous
agonist GIP(1—42) and a faster internalization rate relative to
WT GIPR despite unaltered affinity for GIP(1-42).*
Mimicking the GIPR E354°%Q phenotype, a similar
phenomenon was induced by a ligand (FTY720-P) for the
sphingosine-1-phosphate receptor 1, where a slow off-rate and
more efficacious arrestin recruitment resulted in a prolonged
receptor internalization.”' These findings suggest that internal-
ization is positively correlated with RT, which is consistent
with our data on GLP-1 Val8 and data on several exendin-4
variants.”

The two-stage binding process implies that the interaction
between the exterior part of the transmembrane helices of
GLP-1R and GLP-1’s N-terminus is crucial for receptor
activation,”**' a finding which has facilitated the design of
several functionally selective ligands.”'*>* The time scale for a
ligand to activate a GPCR is in the order of seconds to
minutes. This is much slower than the time scale that can be
explored with MD simulations (a factor 10° to 10%), meaning
that MD unfortunately cannot provide the exact and detailed
structural differences upon ligand binding and subsequent
activation. It is, however, possible to discuss the metastable
states that were found in our study. Our MD simulations
provided a set of structural differences between GLP-1 and
GLP-1 Val8 bound GLP-1R, which reside in the ECD, the loop
regions, TM2, -5, -6, and -7. Consistent with this, TM6 is often
pointed out as central for receptor activation in class B1, and
the altered position of this TM may contribute to the preferred
G protein signaling of GLP-1 Val8 over internaliza-
tion, 18214053

Currently, many GLP-1R structures of partially or fully
active states have been published,'®*"**~® whereas only two
elucidate inactive state(s).””*” Four of the active GLP-1R
structures include biased agonists; the small molecules
TTOAD2 (modified variant of TTP-273, a small molecule
agonist for GLP-1R, evaluated in humans®®), LY3502970, and
CHU-128 and the peptide ExPS.'®°¥°¢ A previous
comparison of biased and unbiased ligand-bound GLP-1R
structures highlighted major differences in TM1, TM7, and
ECL3."® An overlay of the four structures with biased agonists
(TTOAD2, LY3502970, CHU-128, and ExP5) with our MD
simulated GLP-1R—GLP-1 pointed toward similar differences,
where TM1, TM7, and ECL3 also turned out to be more
flexible (Figure 7). This is also in agreement with the
differences seen between GLP-1 and GLP-1 Val8 bound
GLP-1R. Since ExP5, TTOAD2, LY3502970, CHU-128, and
GLP-1 Val8 are all biased agonists with a relatively similar
activation profile (maintained cAMP but impaired arrestin
recruitment and/or receptor internalization), these findings
may point toward a contribution of these receptor regions to
functional selectivity. However, further research is warranted to
confirm these findings.

The MD simulations also suggest weaker hydrogen bond
interactions, both in terms of ligand—receptor and intra-
molecular receptor interactions for GLP-1 Val8 in complex
with GLP-1R. Our in vitro binding support this by means of 1)
slower on-rate and faster off-rate for GLP-1 Val8, 2) overall
lower B, for GLP-1 Val8, and 3) weaker competition of
GLP-1 Val8 with ['**I]GLP-1, despite similar Kp, values for the
two ligands. The weaker competition of GLP-1 Val8 with
['*T]GLP-1 suggests that GLP-1 Val8 and GLP-1 do not share
the exact same binding mode, which probably arises from
different conformations of the receptor, i.e,, distinct G protein-
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and/or transducer-bound and -unbound states. This may also
explain why we observe less and weaker interactions with GLP-
1R in the MD simulations and several distinct conformational
changes in the receptor in silico. Hence, this overall altered
binding of GLP-1 Val8 may lead to an altered receptor
internalization but maintained G protein activation of GLP-1R.

Previously, GLP-1R has been extensively studied via
receptor mutagenesis, both in terms of ligand binding and
receptor activation.’®” In the present study, we used the MD
simulations, in combination with receptor mutagenesis, as
advisory tools to demonstrate if GLP-1R activation by GLP-1
Val8 is more susceptible for impairment than with GLP-1.
Several residues were identified with importance for both
ligands; however, in most cases, the impact was stronger for
GLP-1 Val8 (33% of total). This was the case, for instance, for
R121FPA, R190%%°A, R227%3°A, R2995C12A; and R310%4°A,
i.e., mutations in residues that either interacted directly with
GLP-1 Val8 and/or were involved in intramolecular hydrogen
bonds. Overall, the stronger impairment of GLP-1 Val8-
mediated activation of GLP-1R may indeed suggest that this
derives from altered binding kinetics of GLP-1 Val8 in vitro,
weaker and less interactions with GLP-1R in silico, as well as
distinct conformational changes of GLP-1R when bound to
GLP-1 Val8.

The GLP-1-mediated insulin release from pancreatic S-cells
is regulated by G protein-mediated signaling through Ga,.*’
Adding to this, Sonoda et al.’ underlined the importance of f3-
arrestin for the production of cAMP involved in the insulin
secretion through GLP-1 and also showed that S-arrestin does
not seem to be involved in receptor endocytosis, a finding
which was also made by Syme et al.'’ In pancreatic a-cells, the
suppression of glucagon secretion by GLP-1 has been reported
to be mediated through Ga,® whereas the mechanism
involved in the GLP-1-mediated secretion of somatostatin
from pancreatic O-cells is currently not known. The complex
regulatory role of GLP-1 on the endocrine pancreas opens the
possibility to target GLP-1R by a more delicate pharmaco-
logical approach, where functional selectivity could enhance
certain actions and suppress others by affecting, for instance,
receptor internalization.

Compared to GLP-1, we observed a decreased insulino-
tropic effect of GLP-1 Val8 during acute administrations in the
perfused pancreas model. Recently, a similar G protein-biased
GLP-1R agonist (ExPS) was presented, based on several N-
terminal modifications of exendin-4, and like GLP-1 Val8, it
displayed a weaker insulinotropic effect after acute admin-
istration.”> However, chronic treatment of ExP5 improved
glycemic control and hepatic steatosis in diabetic mice. In line
with these findings, chronic treatment with GLP-1 Val8 had
previously shown to improve glucose tolerance relative to
GLP-1.°"** Similarly, Jones et al.” reported that the chronic
administration of a compound with a single N-terminal
modification in the first position of exendin-4 (Hisl to Phe),
which displayed reduced fS-arrestin recruitment, lower receptor
internalization, shorter RT, and slower on-rate (like GLP-1
Val8 in the present study), resulted in a stronger insulinotropic
effect compared to exendin-4. Additionally, the activity of the
GLP-1R- and GIPR-targeting dual-agonist Tirzepatide, which
is biased similarly as GLP-1 Val8 on GLP-1R (maintained
cAMP formation, decreased arrestin recruitment, and markedly
impaired internalization) but has similar GIPR activation as
GIP(1—42), resulted in long-term superior blood glucose
control.”® Overall, these results suggest that chronic and
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persistent treatment with a ligand that is functionally selective
for Ga, over receptor internalization leads to improved
insulinotropic effects, presumably through a lower desensitiza-
tion of the system, whereas acute administration of the same
ligand (like in our pancreas perfusion model with brief
stimulations lasting maximally 10 min) does not reveal such
difference.

In conclusion, our characterization of the G protein tailored
agonist GLP-1 Val8 provides insight in how subtle changes in
the N-terminus of GLP-1 can have a dramatic effect on
molecular events leading to altered signaling balance and
thereby ultimately affecting integrated biological actions in the
sense of hormone release of the GLP-1 system. This
knowledge may help to improve the rational design of novel
therapeutics targeting GLP-1R, where GLP-1 Val8 could be
used as a tool to study the effects, not only in T2DM and
obesity but also in other diseases where the GLP-1 system is
involved, such as Parkinson’s or Alzheimer’s disease. For these
diseases, it may be that the therapeutic effect is achieved
through a molecular pharmacological approach that may differ
from that employed to address diabetes and obesity.

B METHODS

Materials. pcDNA3.1+ plasmids encoding the human wild-
type or mutated GLP-1R were obtained from GenScript
(Piscataway, NJ). Human GLP-1R with an N-terminal SNAP-
tag was encoded in pcDNA3.1+ plasmids, as previously
described.”” Rat GLP-1R, was encoded in pcDNA3.1 plasmids.
L-Arginine monohydrochloride (10 mmol/L) (Sigma-Aldrich,
St. Louis, MO) was dissolved in perfusion buffer and used as a
positive control after each experiment. Ligands, such as GLP-1
and GLP-1 Val8, were purchased from Caslo ApS (Lyngby,
Denmark). Polyethylenimine (PEI) was purchased from
Polysciences, Inc. (Warrington, PA). HEK293 and COS-7
cells were bought from ATTC (Manassas, VA), whereas HEK
293A cells were purchased from Thermo Fisher Scientific
(Boston, MA). Cell medium was bought from Thermo Fisher
Scientific. Other chemicals were purchased from standard
commercial sources.

Cell Culture, Transfection, and Generation of Stable
Cell Line. HEK 293 cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM), containing 1% GlutaMAX, supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin
(180 U/mL)/streptomycin (45 pg/mL), and incubated at 37
°C, 10% CO,, and 95% air humidity. The cells were
subcultured twice a week in 175 cm?® flasks, in which they
were released with 1% Trypsin. Cell viability was checked
microscopically, and their density was measured using the
NucleoCounter SCC-100 from Chemometec (Lillerod, Den-
mark). HEK 293 cells (500,000—750,000 cells/well) were
seeded in tissue culture-treated 6-well plates before a PEI
transfection was performed. For the cAMP assays, cells were
transfected with 0.2 ug of human (mutated or wild-type) GLP-
IR and 1 pg of CAMYEL (YFP-Epac-RLuc).’" For the f-
arrestin 2 recruitment assays, HEK 293 cells were transfected
with 0.33 pg of human or rat wild-type GLP-1R, 0.042 pg of
Rluc8-Arrestin3-SP1, and 0.8 ug of mem-citrine-SH3.°> DNA
constructs were mixed with 1:1.5 or 1:2 DNA:PEI and
nonsupplemented DMEM and then incubated at room
temperature for 15 min before the sample was added dropwise
to the cells. The transfection was terminated by replacing the
cell transfection-medium with fresh supplemented DMEM
medium after approximately 24 h.
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COS-7 cells were cultured in DMEM 1885 medium,
containing 3.9 g/L NaHCO;, supplemented with 10% FBS,
1% L-glutamine, and 1% penicillin (180 U/mL)/streptomycin
(45 pg/mL), and stored at 37 °C, 10% CO,, and 95% air
humidity. COS-7 cells (6X 10° cells/flask) were seeded in 175
cm® flasks before a calcium phosphate transfection was
performed. Forty micrograms of human or rat GLP-1R (or
pcDNA3.1) in 480 uL of Tris-EDTA (TE) buffer (10 mM
Tris-HC], 2 mM EDTA-Na,, pH 7.5) was mixed with 60 L of
CaCl, and then titrated into 480 uL of 2x HEPES buffered
saline (HBS) buffer (280 mM NaCl, S0 mM HEPES, 1.5 mM
Na,HPO,, pH 7.2), to perform a transiently transfection of
COS-7 cells. The mixture was incubated for 45 min at room
temperature, before it was added dropwise to the cells together
with 2 mg/mL chloroquine. After S h, the transfection was
stopped by replacing the transfection medium with fresh
DMEM 1885 medium.

HEK 293A cells (Thermo Fisher Scientific), used for the
real-time internalization assay, were cultured in DMEM with
4.5 g/L bp-glucose, GlutaMAX, and sodium pyruvate
supplemented with 10% FBS (Thermo Fisher Scientific) and
100 U/mL penicillin/streptomycin (Thermo Fisher Scientific)
in a humid atmosphere at 37 °C and 5% CO,. Cells (9 X 10°
cells/dish) were transfected in 10 cm dishes (60 cm?) with 7.2
ug of pcDNA3.1, 2.4 pug of human SNAP-tagged GLP-1R
plasmid, and 24 uL of Lipofectamine 2000 (Thermo Fisher
Scientific) according to the reverse transfection protocol from
the manufacturer. Twenty-four hours after transfection, cells
were harvested and seeded on poly-p-lysine (Sigma-Aldrich)
coated white Falcon 384-well plates (Corning Inc., Corning,
NY) at a density of 2 X 10* cells/well and cultured overnight.

HEK 293 cells stably expressing human GLP-1R were
generated by transfecting the cells with 20 ug of the
corresponding constructs through a calcium phosphate trans-
fection in 75 cm? flasks. Subsequently, G418 selection medium
(0.4 mg/mL) was added to perform cell selection, after which
monoclonals were picked. The expression/activity of the
receptor in the monoclonals was assessed in a cAMP
accumulation assay. The HEK 293 cells stably expressing the
GLP-1R were maintained in DMEM, containing 1%
GlutaMAX, supplemented with 10% FBS, 1% penicillin (180
U/mL)/streptomycin (45 pg/mL), and 0.4 mg/mL G418, and
incubated at 37 °C, 10% CO,, and 95% air humidity.

Radioligands. ['*I]GLP-1 was a gift from Novo Nordisk
(Bagsvard, Denmark). The ['*IJGLP-1 Val8 radioligand was
produced in-house by oxidative iodination, which incorporates
127 at the meta-position of tyrosine residue side chains. GLP-1
Val8 was dissolved in 300 mM phosphate buffer (pH 7.4), and
0.4 mCi '*I was added to 1 nmol of peptide. Phosphate buffer
(6 X S uL) supplemented with Chloramine-T was added each
minute while stirring, and the reaction was terminated by the
addition of 400 uL of H,O with 0.1% trifluoroacetic acid
(TFA). Product purification was done by a reverse-phase
HPLC, using a C18 column and a gradient from H,O to
acetonitrile, both containing 0.1% TFA. The fractions were
collected in a total of 1 mL/aliquot. The radioligand was
identified by determining the y radiation intensity and during a
competitive binding assay using a Wallac 1470 Wizard
Automatic Gamma Counter (PerkinElmer, Waltham, MA).

Membrane Preparation of COS-7 Cells. Membranes
were prepared from COS-7 cells transiently transfected with
human GLP-1 receptor constructs or pcDNA3.1 (control), as
previously described.”> The cells were harvested using ice-cold
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PBS and a cell scraper and subsequently homogenized using a
Dounce. The homogenate was centrifuged for 3 min at 500
rpm (54g) at 4 °C. The supernatant was then centrifuged at
14,000 rpm (21,036g) for 45 min at 4 °C. Membrane pellets
were resuspended in 2 mM HEPES buffer (pH 7.2)
supplemented with 2 mM MgCl, and a complete protease
inhibitor mixture (Roche Applied Science), before they were
stored at —80 °C. Protein concentration was performed
according to a standard Pierce BCA protein assay protocol
(Thermo Fisher Scientific).

Homologous and Heterologous Competition Binding
Experiments. COS-7 cells transiently transfected with the
human GLP-1 receptor or pcDNA3.1 were aliquoted in a 96
white CulturPlate (35,000 cells/well, PerkinElmer). The cells
were then washed with binding buffer (50 mM HEPES buffer
(pH 7.2), 1 mM CaCl,, S mM MgCl,, 0.5% (w/v) bovine
serum albumin (BSA)) and incubated for 15 min at 5 °C. After
ligand addition (concentration ranging from 0.1 nM to 1 yM),
12.73 + 3.35 pM ['*T]GLP-1 or 15.56 + 1.46 pM ['*T]GLP-1
Val8 was added, and the plate was incubated for 3 h at 4 °C.
The reaction was terminated by washing two times with ice-
cold binding buffer. The cells were subsequently lysed with
200 mM NaOH containing 1% SDS. The y radiation intensity
was measured with a Wallac 1470 Wizard Automatic Gamma
Counter.

Radioligand Association and Dissociation Experi-
ments. For association assays, a mixture of 5 pug of human
GLP-1 wild-type receptor or pcDNA3.1 (control) membranes
and 0.2 pg of wheatgerm agglutinin coated (WGA) PVT SPA
bead was precoupled on a shaker in a volume of 50 uL of
binding buffer for 30 min at 30 °C. Subsequently, the
membrane-bead mixture was distributed over a white
CulturPlate-96 (PerkinElmer) in a total volume of 90 uL of
binding buffer and spun down (1,500 rpm; 485g, S min, room
temperature). Then, 10 uL of 58.40 + 3.66 pM ['*I]GLP-1 or
200.16 + 9.86 pM ['*I]JGLP-1 Val8 was added, and the
amount of radioligand bound to receptor was measured every
minute during a total incubation of 240 min. The measure-
ments took place at 30 °C and were taken with a TopCount
NXT Microplate Scintillation & Luminescence Counter
(Packard).

For dissociation assays, the membrane-bead mixture was
distributed in a total of volume of 85 L of binding buffer. The
mixture was then preincubated for 120 or 240 min at 30 °C,
for ['*I]GLP-1 and ['»I]GLP-1 Val8, respectively. The
dissociation of ['*T]GLP-1 or ["*I]GLP-1 Val8 was initiated
by the addition of 5§ yL of 1 uM unlabeled GLP-1 or GLP-1
Val8. The amount of radioligand bound to receptor was
measured every minute and taken up to 999 min.

DiscoverX HitHunter cAMP Assay. The assay was carried
out according to the manufacturer’s protocol (DiscoverX,
Fremont, CA). Transiently transfected COS-7 cells were
seeded into a 96 white CulturPlate (35,000 cells/well,
PerkinElmer) and washed with 1xHBS. Subsequently, the
cells were incubated in 100 yL of 1 mM 3-isobutyl-1-
methylxanthine (IBMX) diluted in 2xHBS for 30 min at 37 °C.
To test the agonistic properties of ligands (concentrations
ranging from 1 pM to 1 uM), S uL of ligand was incubated for
30 min at 37 °C. After the incubation, the assay medium was
removed, and the cells were washed with 30 L of PBS and
treated with 40 uL of ED/Lysis/CL and 10 uL of cAMP
antibodies for 60 min, before they were treated with 40 uL of
EA solution. After a 3-h incubation in the dark, the
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accumulation of cAMP was measured as luminescence using
the PerkinElmer EnVision 2104 Multilabel Microplate Reader.

Bioluminescence Resonance Energy Transfer cAMP
(CAMYEL) and p-Arrestin 2 (Rluc8-Arrestin3-SP1). One
day after cell transfection, HEK293 cells were resuspended in
PBS with 1% glucose (S mM), before they were aliquoted into
a white CulturPlate-96 (85 uL, PerkinElmer). Subsequently,
Coelenterazine h (Nanolight Technologies, Pinetop, AZ) was
added in a final concentration of 5§ M, and the reaction was
started after the addition of ligands, in which their
concentrations ranged from 1 pM to 1 uM. Following a 30-
min incubation at room temperature, the luminescence (Rluc
485/40 nm and YFP 530/25 nm) was measured by a LB 940
Mithras Multimode Microplate Reader (Berthold Technolo-
gies GmbH & CO. KG, Bad Wildbad, Germany).

Real-Time Internalization Assay. Real-time internal-
ization was performed as previously described.””®* Briefly,
SNAP-tagged receptors were labeled with 100 nM Tag-lite
SNAP-Lumi4-Tb (donor, Cisbio Bioassays, Codolet, France)
for 60 min at 37 °C in assay buffer (HBSS (Thermo Fisher
Scientific) supplemented with 1 mM CaCl,, 1 mM MgCl,
0.1% BSA, and 20 mM HEPES pH 7.4). Subsequently, cells
were washed four times with assay buffer, and a final
concentration of S0 uM fluorescein-O’-acetic acid (acceptor,
Sigma-Aldrich) was added. Agonists diluted in assay buffer
with a final concentration of 0.1% Pluronic F-68 were added
with a VIAFLO 384-channel pipet (Integra Biosciences, Zizers,
Switzerland). Donor and acceptor emission were measured
every 6 min for 66 min with an EnVision 2104 Multilabel
Reader (PerkinElmer) at 37 °C using a 340/60 nm excitation
filter and 520/8 nm (acceptor) and 615/8.5 nm (donor)
emission filters. The area under donor/acceptor ratio curves as
a function of time was used for concentration—response curves
of receptor internalization. All buffers and solutions were
preheated to 37 °C.

Calcium Mobilization. WT HEK 293 and HEK 293 cells
stably expressing human GLP-1R were seeded at a
concentration of 40.000 cells per well in poly-p-lysine coated
96-well plates (black, clear bottom, Costar#3603). Medium
was removed the next day, and the cells were incubated in 50
UL of loading buffer (HBSS with 1 mM CaCl,, 1 M MgCl,
1.25 mM probenecid, and 0.2% Fluo-4, pH 7.4 (Invitrogen,
Carlsbad, CA)) for 1 h at 37 °C in the dark. The loading buffer
was removed, the cells were washed twice in 75 uL of wash
buffer (HBSS with 1 mM CaCl,, 1 M MgCl,, and probenecid,
pH 7.4), and finally 100 uL of wash buffer was added to each
well before the plates were placed in a FlexStation 3 Multi-
Mode Microplate Reader (Molecular Devices, San Jose, CA)
for automated pipetting and measurements. Ligands were
prepared in a 96 clear, round-bottomed compound plate at a
5X concentration in wash buffer. Upon addition to the cell
plate, the final concentration reached 1x. Ca** mobilization
elicited by the ligands at various concentrations was recorded
as fluorescence at excitation and emission wavelengths of 485
and 520 nm, respectively.

Animals. Handling of the donor animals was performed in
accordance with international accepted guidelines and with
permission from the Danish Animal Experiments Inspectorate
(license no. 2018-15-0201-01397). Male Wistar rats (Janvier,
Saint Berthevin Cedex, France) (250—300 g) were used as
donors. They were housed 2—3 a cage and followed a 12:12-h
light-dark cycle with free access to standard chow and water.
Nonfasted rats were used for experiments after at least 1 week
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of acclimatization and were anaesthetized with a subcutaneous
injection of hypnorm/midazolam (0.0158 mg of fentanyl
citrate + 0.5 mg of fluanisone + 0.25 mg of midazolam/100 g)
before surgery.

Isolation of the Pancreas. After induction of surgical
anesthesia, a midline incision exposing the abdominal cavity
was made. The pancreatic vascular supply was isolated from
the remaining circulation as described in more detail
elsewhere.*° In brief, the arterial supply to the colon, small
intestine, spleen, stomach, and kidneys was ligated thus
preventing perfusion of these organs. A catheter was inserted
into the abdominal aorta thereby allowing perfusion of the
pancreas through the superior mesenteric artery and the celiac
artery. For collection of venous effluent, a draining catheter
was inserted into vena portae. Finally, the animal was
euthanized by cutting the diaphragm, while the pancreas was
kept artificially alive.

Perfusion Protocol. After the operation, the pancreas was
perfused in situ using equipment dedicated for rodent organ
perfusion (Hugo Sachs Elektronik, March-Hugstetten, Ger-
many). Experiments started after a 30-min equilibrium period
to ensure that hormone secretion had stabilized and that any
impact from anesthesia had vanished. The perfusion buffer
consisted of a modified Krebs-Ringer bicarbonate buffer,
containing in addition 5% dextran T-70 (Pharmacosmos,
Denmark), 0.1% BSA, (Merck), 7 mM glucose, and S mM
pyruvate, fumarate, and glutamate. Perfusion buffer was heated
to 37 °C and continuously gassed throughout the experiment
with 95% O, and 5% CO, to achieve pH 7.4 and a high oxygen
partial pressure. Perfusion buffer was infused at a constant flow
rate of 4 mL/min, while test substances were infused via a side
arm syringe infusion pump at a flow rate of 0.2 mL/min.
Effluent samples were collected by a fraction collector at 1-min
intervals, stored on ice within a few minutes, and subsequently
kept at —20 °C until analysis. Effluent output and perfusion
pressure were monitored throughout the experiments and used
as an indication of the organ’s wellbeing.

Sample Analysis. Effluent perfusion samples were
analyzed for insulin, glucagon, and somatostatin by in-house
radioimmunoassay’s. Insulin concentrations were determined
using an antiserum (codename 2006) which strongly cross-
reacts with human, rat, and mouse insulin.*® Glucagon was
measured using a C-terminally directed antiserum (codename
4305), which measures fully processed glucagon.’” Finally,
somatostatin was measured using a rabbit antiserum
(codename 1758) raised against synthetic cyclic somatostatin,
recognizing both somatostatin-14 and somatostatin-28."°

Circular Dichroism. The studied peptides were dissolved
in a 10 mM NaPi buffer at pH 7.5, and their concentrations
were determined by measuring their absorbance at 280 nm
using a UV—vis spectrophotometer, being 32 yM and 33 uM,
for GLP-1 and GLP-1 Val8, respectively. A Jasco J-1500
Circular Dichroism Spectrophotometer was employed to
measure the circular dichroism (CD). The CD was measured
using a 0.1-cm quartz cuvette over a range of 190 to 250 nm
with a scanning speed of 50 nm/min, a data pitch of 0.1 nm, a
bandwidth of 1 nm, and D.LT. of 4 s. All measurements were
averaged over 3 accumulations and baseline corrected. The
measurement was repeated over a temperature range of 5 to 80
°C, with intervals of 5 °C, a heating of S °C/min, and a halt
time of 60 s per temperature increment.

Molecular Dynamics Simulations. For the MD simu-
lations, the cryo-EM structure of human GLP-1 bound to
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Oryctolagus Cuniculus (i.e., European rabbit) GLP-1R (PDB:
SVAI) was used.”! Schrodinger’s Maestro was used to add
missing amino acid residues and subsequently humanize
(homology = 96%) the receptor.”” In the case of the
simulation with GLP-1 Val8, the eighth amino acid residue
of GLP-1 (Ala8) was mutated into a valine. Since the N-
terminal and C-terminal in the cryo-EM structures were
shorter than in the sequenced protein, termini were
respectively acetylated and amidated. All disulfide bridges
from the cryo-EM structure were maintained, ie., between
residues 46—71, 62—104, 85—126, and 226—296.>' Alignment
of the homology model with the membrane was determined
using the Orientations of Proteins in Membranes (OPM)
database (PDB: SVAI),”” after which the receptor was inserted
in a hexagonal lipid bilayer using the CHARMM-GUI
Membrane builder, consisting of 150 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) lipids.”’~"* The receptor
and membrane were dissolved in water with physiological salt
concentration (0.15 M), resulting in a system size of ca. 80k
atoms with a lipid plane radius of 8.5 nm and a height of 13
nm. Gromacs 2018.3 was employed as an MD engine.””””
CHARMM36m was employed as a force field with a van der
Waals cutoff radius of 1.2 nm and TIP3P as a water model.”>”®
Relaxation of the system was done following a 6-stage
equilibration procedure (Table S-2), by slowly reducing
restraints on the receptor and lipids. The production runs
were performed at 310 K for 750 ns, of which the first 150 ns
were considered as part of the equilibration and therefore
omitted from analysis. During both the equilibration as well as
the production run, periodic boundary conditions were
employed in all directions. A Verlet leapfrog integrator with
a time step of 2 fs was used to solve Newtonian laws of motion,
and nonbonded interactions were treated with a Verlet list
cutoff scheme.”” The short-range electrostatic interactions
were calculated using a nonbonded pair list which is updated
every 0.01 ps, and Particle Mesh Ewald (PME) was used to
handle the long-range electrostatic interactions with a grid
spacing of 0.12 nm. Long-range dispersion corrections were
applied to the system for both energy and pressure. The
receptor, the lipid bilayer, and solvent plus ions were separately
coupled to temperature baths at 310 K using a Nosé—Hoover
thermostat with a 1-ps time constant for coupling.”®”” A
Parrinello—Rahman pressure coupling was used at 1 bar with a
relaxation time of 5 ps and isothermal compressibility of 4.5 X
107° bar. All bond lengths to hydrogen atoms were constrained
using the LINCS algorithm. Snapshots of the full system were
saved every 10 ps. Alignment and analysis were performed
using VMD,128 Gromacs tools and home-written scripts. To
consider possible flexibility of the ECD, the MD structures
were aligned based on the position of the backbone atoms of
the TMD, i.e., residues 136 to 404. All plots and images were
rendered using GNUplot,80 Python’s Matplotlib,81 and
PyMOL.* %

Data Analysis. The nonlinear regression curve fitting
program Graphpad 8.0 was used to analyze the data and to
obtain the following parameters: ICsy, ECsg, Epp ko kope and
Box (Graphpad software, San Diego, CA). All sigmoidal curves
were fitted with a Hill slope of either 1 for activation curves or
—1 for inhibition curves. For the dissociation experiments, Y;
was set to be less than the plateau of the association
experiments. In the case of GLP-1 Val8, we constrained one
of the three dissociation experiments to the plateau of the
association due to ambiguous curve fitting. B, (the total
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density of receptors in the sample) was calculated from
homologous competitive binding curves®® according to eq 1
_ B,*ICq,

(L] (1)
in which B, is the total specific binding, and [L] is the ligand
concentration.

The equilibrium dissociation constant (Kp) was also

calculated from the homologous competitive binding curves™
according to eq 2:

Kp = ICy, — [L]

max

2)

The inhibition constant (K;) was obtained from the
heterologous comépetitive binding curves by using the Cheng-
Prusoff equation8 (3):

IC
K = 50

1+ (%) ©)
The BRET signal was obtained by calculating BRET ratios
using eq 4:
YFP
RLUC

BRET ratio =

(4)

To quantify biased agonism, dose—response data was fitted to
eq 5 of the operational model of agonism®’

(e — Basal) (KLA)n [AT

(=Y )
LAl (KA> M <1 * KA) (%)
in which Basal is the basal level response without agonist, E,,.,
is the maximal response of the system (in this case derived
from the full agonist GLP-1), 7 is an index of signaling efficacy
of the agonist and can be calculated by Ry/Kg, K, is the
equilibrium dissociation constant of the agonist A, [A] is the
molar concentration of the agonist, and n represents the slope
of the transducer function linking occupancy to response. Ry
can be described as the total number of receptors in the
system, and Ky is the coupling efficiency of each agonist-
occupied receptor. The model assumes that E_, and n are
shared between agonists. To obtain the parameters K, and 7
for each pathway, the data was fitted, and subsequently biased
agonism was quantified. To summarize, for each ligand the
efficacy in each signaling pathway (cAMP, f-arrestin 2
recruitment, and internalization) was extracted as log(z/K}).
Then this value was subtracted by the log(z/K,) of GLP-1
resulting in the Alog(z/K,) for that ligand. Next the
differential efficacy of a ligand compared to GLP-1 in two
signaling pathways (cAMP vs f-arrestin 2 recruitment, cAMP
vs internalization, fB-arrestin 2 recruitment vs internalization)
was calculated, and consequently the bias factor or LogBias
(AAlog(z/K,)) was obtained. During the analysis, the errors
were propagated.
The extinction coefficient of the peptides was calculated
according to eq 6

e = (nW-5500) + (nY-1490) + (nC-125)

Y = Basal +

(6)

where nX represents the number of tryptophans (W), tyrosines
(Y), and cysteines (C) in the peptide.

Measured ellipticity 0,,,(4) was converted to mean residue
molar ellipticity ([6],,.) using the relation in eq 7:

309

eobs(/’{)
Ny 10-7-c

[0 =
)

Here 6,,,(4) is the observed ellipticity in millidegrees as a
function of the wavelength 4, n, is the number of amide bonds
(no. amino acids —1), /is the path length in cm, and c is the
peptide concentration in [M]. [0],,, has historically been in
units of deg-cm*-dmol ™.

To estimate the probability (P(r)) of a chain containing r
helical residues, eq 8 was used:"’

_[9]222
Ol (1 - 7) (8)

In this formula, [6], is the value of a parameter corresponding
to an infinite helix, which is set to 40,000 deg-cmz-dmol_l, and
the empirical constant for the 222 nm nz* band (k) is set to
4.6, based on the article by Manning and Woody.**

The root-mean-square deviation (RMSD) is the average
distance between a set of superimposed atoms relative to a
reference structure, which—unless specified otherwise—is the
starting structure of the simulation. The RMSD is calculated
using eq 9

1 n
RMSD = \/— Z mlr(t) — P
M3 &)

where M is the sum of all masses ().1;m,), m; is the mass of
atom i, and r,(t) — I is the distance between an atom and its
reference (ref) equivalent. Due to high flexibility of the ECD
and Helix 8, the RMSD is calculated for the backbone heavy
atoms C, N, O, and Ca of the TMD, i.e., residues 138 to 40S.

The root-mean-square fluctuation (RMSF) represents the
fluctuation of a residue around its average position in a stable
system and is formulated as in eq 10:

1 n
RMSE = \/ — Y mir(t) — P
M3 (10)

Here the distance is defined between the position of residue i
(r;) at time ¢ to its time-averaged equivalent, i.e., r"f = (r,). M,
and m; are again the sum of all masses () /;m;) and the mass
of residue I, respectively.

Hydrogen bonds are defined as contacts between a hydrogen
bond donor and a hydrogen bond acceptor whose distance r <
0.35 nm and whose angle is made by the donor-hydrogen bond
with respect to the vector connecting the donor and acceptor
< 30. The occupancy of a hydrogen bond is defined as the
percentage of simulation time the hydrogen bond is observed,
for which a cutoft of 20% is handled.

Statistical Analysis. For in vitro experiments, statistical
significance was addressed by (un)paired two-tailed t-tests,
ordinary ANOVA, and (repeated measures) two-way ANOVA.
We used paired two-tailed t-tests for the pancreas perfusion
models. The definition of statistical significance was P < 0.0S.

P(r) = 100-
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